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ABSTRACT

The effect of downregulation of a cell-wall modifying gene on bud set timing in
Populus deltoides
Luke Stover
In an attempt to enhance the efficiency of biofuel production, research has traditionally
focused on wood chemistry in forest trees. Altered wood chemistry has the potential to reduce
recalcitrance to carbohydrate extraction and conversion, but may have unintended effects on
dormancy. In Populus deltoides (eastern cottonwood), changes in dormancy may inhibit annual
growth rates or put the trees at risk for frost damage, compromising benefits of genetic
engineering. Genome wide association analysis indicates that multiple polymorphisms in and
around the Potri.013G001600.1 gene of unknown function have a strong association with bud set
date.
This experiment isolated the gene’s transcription levels in order to determine the effects
of gene expression on bud set dates and secondary branching in P. deltoides. Multiple levels of
gene expression were created via RNA interference (RNAi) caused by Agrobacterium mediated
transformation. All lines were grown in a growth chamber with controlled lighting and
temperatures to induce bud set. Levels of Potri.013G001600.1 gene expression were tested using
quantitative reverse transcriptase polymerase chain reaction (qRT-PCR). A linear regression of
gene expression and bud set date were calculated to determine gene effects. The direct results of
this experiment suggest that expression of this gene was not substantially altered by RNAi.
Furthermore, there was only weak evidence that levels of expression of this gene are associated
with bud dormancy. This study therefore lends little support to the hypothesis that altering genes
involved in wood chemistry could cause altered dormancy.
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Introduction:
In an attempt to enhance the efficiency of biofuel production, research has traditionally
focused on wood chemistry which decreases recalcitrance, the natural ability of plant cell walls
to resist enzymatic deconstruction.1 It is possible that genes that alter wood chemistry also affect
dormancy due to changes in the permeability and/or extensibility of cell walls.2 This study aims
to determine if genetic engineering of wood chemistry can affect dormancy.
Each year deciduous trees such as those in the genus Populus undergo dormancy.
Dormancy is a seasonal transition that enables Populus to vigorously grow under fair conditions
while being protected in a dormant state during winters.3 Dormancy is triggered by changes in
environmental conditions such as shortened day length and decreased temperature.4 Plants
contain proteins that are photosensitive, meaning that some gene regulation is sensitive to diurnal
cycles. This sensitivity allows Populus to recognize a critical day length at which the dormancy
signaling cascade will begin. This cascade causes the apical buds to cease growing and set their
terminal buds for winter. Once growth has ceased and the bud is completely set, the tree is said
to be dormant.5
There are various states of dormancy in Populus. Eco-dormancy is a state of non-growth
caused by non-permissive growth conditions. It is not regarded as true dormancy because growth
can resume when conditions improve. Endo-dormancy is a state of true dormancy. In endodormancy the shoot apical meristem (SAM) ceases growth and a terminal bud forms for
overwintering. In response to shortened day lengths, SAM cells begin to isolate from one another
and other tissues by winter phloem. The isolation of cells prevents hormone signaling, and the
cell must be exposed to proper growing conditions for prolonged periods before reverting back to
a growing state.3
It has previously been shown that dormancy timing is under genetic and environmental
control. Many cell wall modifying genes are being targeted with genetic engineering to enhance
the efficiency of biofuels conversion.6 By altering the permeability of cell walls the winter
phloem and signaling cascades of dormancy may be altered. There is incomplete knowledge of
what genes affect the timing of dormancy, so it is possible that genetic engineering of cell wall
traits may result in the unintended pleiotropic alteration of dormancy timing. There are several
risks associated with altered bud set timing in Populus. The first is that dormancy would be
initiated early causing reductions of annual growth rate. Another is that bud set could be initiated
too late in the season and leave the plant vulnerable to potentially lethal freezing damage.
Populus have locally adapted to maintain a balance between these risks but altered bud set
timing could cause plants to no longer be compatible with native climates.3
In a genome wide analysis, 1,100 P. trichocarpa (black cottonwood) lines from various
environments were clonally replicated and planted in three different plantations. Phenotypes
were obtained for all ramets and all lines were sequenced. Then the phenotypes were tested for
associations with genotypes at specific polymorphic loci.7 One of the strongest associations from
the test was that of the Potri.013G001600.1 gene, which had many polymorphisms associated
with bud set date8. Therefore we have provisionally named the gene Associated with Bud Set
(ABS). It is unclear whether the associations were caused by changes in expression level or
changes in protein structure. Plants were genetically engineered using Agrobacterium mediated
transformation to alter ABS expression levels via RNA interference (RNAi).
In nature Agrobacterium can insert T-DNA plasmids of oncogenes and opine synthase
genes into plant cells inducing root or tumorigenic growth, and production of opines as an energy
source for the bacterium. Genetic engineers have removed these oncogenes and opine synthase
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genes and replaced them with genes of interest for transformation into plants. This allows for
normal growth, the addition of antibiotic resistance genes for selectivity, and insertion of the
reverse complement DNA coding for RNAi.9 In this study A. tumefasciens was used to insert an
antibiotic resistance gene and an RNAi-inducing sequence into the P. deltoides genome. The use
of RNAi is common in plants as a method of mRNA regulation as well as defense against
viruses.10, 11 The RNAi inducing sequence consists of a short fragment of the targeted gene
separated from its reverse complement by a short intron. Upon transcription, the RNA will form
a hairpin loop and the intron will be spliced out, leaving double stranded RNA (dsRNA). The
dsRNA triggers the native RNAi function of plants which degrades the RNA and prevents
translation.12
This experiment aimed to determine the variability of dormancy timing in response to
altered gene expression. The gene could not be tested in the faster growing model organism
Arabidopsis because the species relies on overwintering seeds and there is no dormant,
overwintering bud in the mature organism. The closest Arabidopsis protein, RCI2A, increases
transcripts in response to low temperature and salt stress.13. The association with temperature
may be interpreted as having a potential relationship to bud set and the onset of winter dormancy
in perennial plants. The family of proteins consists of small hydrophobic proteins with two
transmembrane domains. In Arabidopsis and yeast similar proteins function maintain cell
membrane potential when the cell is exposed to high cation concentrations 13,14.
To determine the effects of ABS gene expression we used one step reverse transcriptase
quantitative polymerase chain reaction (RT-qPCR) tests in experimental and control groups and
compared the estimated levels of gene expression to phenotypes. RT-qPCR uses manually
designed primers and a reverse transcriptase protein to create single stranded cDNA from the
mRNA transcripts of a specific gene. After cDNA synthesis, a DNA polymerase synthesizes
copies of the DNA through PCR, which consists of alternating cycles of hot temperatures to
dissociate the DNA, lower temperatures to allow binding of a short oligonucleotide primer, and
intermediate temperatures to promote extension of the double-stranded DNA (dsDNA) product.
The amount of the dsDNA can be detected using a fluorescent dye such as SYBR green. By
counting the number of PCR cycles required for the fluorescence to reach the stage of
exponential increase, the amount of starting mRNA can be approximated.
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Experimental Design and Methods:
Gene Treatments:
The experiment consisted of three types of gene treatments: wild type controls, empty
vector controls, and transgenic test plants. The wild type controls were from a single line, WV94,
and were grown from cuttings without any genetic modification. The empty vector controls
consisted of six lines that were genetically altered by an empty vector Agrobacterium mediated
transformation, grown from cell culture, and cloned in a method similar to that of Song and
Sink15 by the company Arborgen LLC (Ridgeville, SC, USA). The test transgenics consisted of
nine lines that were confirmed to have been transformed with an RNAi construct via
Agrobacterium. These plants were grown and cloned in the same way as the empty vector
controls.
Due to a limited number of surviving ramets within-line repetition was limited, so
replication is primarily at the level of individual lines. Plants were assigned to be sampled at a
given stage of bud set, after which their progression to bud could no longer be determined.
Ramets within a line were dispersed so that similar numbers of ramets were sampled at each test
stage (excluding stage 5).
Table 1: Number of samples taken from each line at each stage of bud set.
Line ID

Gene Treatment Growth
Class
samples

Stage 3
samples

Stage 4
samples

Stage 5
samples

TDL547180

Control

1

0

1

0

TDL547184

Control

0

1

0

0

TDL547191

Control

0

0

1

0

TDL555686

Control

1

1

1

0

TDL555689

Control

1

0

1

0

TDL559170

Control

1

1

0

0

TDL588449

Trans

1

1

1

0

TDL588450

Trans

0

1

1

0

TDL588451

Trans

1

0

1

0

TDL588452

Trans

1

0

1

0

TDL588453

Trans

1

1

1

0

TDL588454

Trans

0

0

1

0

TDL588455

Trans

0

1

1

1

TDL588456

Trans

0

1

2

2

TDL588457

Trans

1

0

1

0

Wildtype WV94

WT control

2

2

2

1

EV Control total 4

3

4

0

Trans total

5

5

10

3

Grand total

11

10

16

4

4

Figure 1. Scale of bud set scoring. The apical bud of each tree was compared to the photographs
to determine progress in bud set. RNA samples were taken from the apical buds at stages 1
(actively growing), 3, 4, and 5.
Preliminary Plant Care
All cuttings and tissue cultures were received at the same time. The cuttings
(untransformed control plants) were immediately grown in conetainers in the greenhouse
averaging sixteen hours of light and 24°C. Plants grown from tissue culture were first grown
under LED lights in the lab and then were transferred to conetainers in the greenhouse. All plants
were allowed to grow until they had at least five leaves and roots at which time they were
transplanted to plastic pots filled with Mycorrhizae Pro Mix. Due to the delayed growth of the
cultured plants, there was considerable size variation across plants at the start of the experiment
(Range 20-60cm). All plants were treated weekly throughout the experiment with 100 ppm
Miracle Grow™ sprayed directly onto the foliage.

Bud Sample Harvesting
Within lines ramets were assigned random numbers to determine the order in which they
would be sampled. Metal tweezers were used to remove the apical leaf and bud tissues of
actively growing plants and the complete bud of plants entering dormancy. Tissue samples were
wrapped in aluminum foil and flash frozen in liquid nitrogen to prevent RNA degradation.
Samples were then stored in the foil at -80°C until RNA extraction.
Bud Set Induction
All plants that were not sampled at stage 1 were placed in a growth chamber with an 8
hour day length with temperatures of 13.5°C during light hours and 8.5°C during dark hours.
Plants were watered and checked for bud set progression biweekly and fertilized biweekly. Once
plants reached the appropriate stage of bud set the buds were harvested and the plants were
returned to the greenhouse.
RNA Extraction
All RNA extraction was performed using Qiagen RNEasy Plant Mini Kits according to
the user manual. Sample concentrations were determined using Qubit Broad Range RNA assays
5

according to manufacturer’s instructions. All samples were diluted to 5 ng/μL using RNase Free
water.
Primer Design
Primers were designed for regions downstream of the ABS gene fragment and the house
keeping gene UBQ using Primer Quest software
(https://www.idtdna.com/PrimerQuest/Home/Index) (See Figure 3). All primers were aligned to
the Populus trichocarpa v3.0 reference genome using the blastn program.
(https://phytozome.jgi.doe.gov/pz/portal.html #!search?show=BLAST) to minimize the chance
of matching other regions. To test for the accuracy of the primers in amplifying target genes PCR
reactions were performed with genomic DNA and the PCR products were electrophoresed on a
1% agarose gel and imaged (Figure 4).
Table 2. Primer sequences and predicted melting points from New England Bio Lab’s
software (https://tmcalculator.neb.com/#!/).
Primer

Sequence

Predicted Melting Point
(°C)

UBQ Forward

TCGTGAAGACGCTAACTGGGAAGACC

66

UBQ Reverse

ATTCCTCCACGCAGCCGAAGC

67

ABS Forward

GTGTAGACGACGTGGAAGTCATTGT

61

ABS Reverse

GGAAGACACCTAGAGGAGGCAAGAT

62

Real Time qPCR:
Extracted total RNA and primers were used with a Luna® Universal One-Step RT-qPCR
Kit (NEB) according to the manufacturer’s instructions with a Bio-Rad CFX96 Touch real time
PCR machine for RT-qPCR. SYBR green dye was used to detect the production of dsDNA
products. The PCR program was set to 10 minutes at 55°C for cDNA synthesis; 1 minute at 95°C
for denaturing; 45 cycles of 10 seconds of 95°C denaturing, 30 seconds at 56°C for primer
annealing, product extension, and a plate read; and a final 56-95°C melt curve to evaluate the
purity of the product. All reactions were performed in triplicate on the plate.
Ct values (The number of cycles when fluorescence exceeded threshold) of the three
replicates were averaged to calculate the amount of starting product for each RNA sample. Using
the ΔCt method (CtABS - CtUBQ) ABS gene expression levels were normalized to that of the
housekeeping gene UBQ to normalize variation in amounts of starting RNA. Genes of fairly
constant expression (e.g., housekeeping genes) can be used to normalize variation in amounts of
starting total mRNA among samples.
Formula 1: ABS=1/(2ΔCt)
Formula 1 was used to calculate the ratio of ABS mRNA to UBQ mRNA. This equation
is derived from the principle that during each cycle of PCR products are doubled, so levels climb
exponentially across cycles. Taking the inverse of the exponential growth rescales the estimate
so that higher values mean higher expression of ABS relative to UBQ. This method accounts for
inconsistency in experimental procedures by normalizing ABS to UBQ.
Phenotype Determination:
Ramets were monitored for bud set progression biweekly until they reached the
appropriate stage and were harvested. The degree of bud set was measured on a scale ranging
from 1-6 where 1 was actively growing and 6 was endodormancy (see Figure 1). All recordings
6

were measured as days since the plants were placed in the greenhouse. Because plants never
reached full stage 6 dormancy, stage 5 samples were taken about one month after no sign of
change. No bud set date was taken for stage 5 ramets. Once the buds had been harvested plants
were returned to the greenhouse and the number of existing buds was counted. One month later
the number of buds that grew into branches were counted. Secondary branching was normalized
by finding the ratio of new branches to existing buds.
Statistical Analysis
Data across categories were assessed for differences using one-way ANOVA tests. Linear
regressions were derived between the expression level of ABS and recorded phenotypes. All
analysis was performed using Microsoft Excel software.
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Results:
Primer Specificity Testing
Upon running electrophoresis of the PCR products in an electrophoresis gel both ABS
and UBQ only presented one band of products. There was minimal specificity in temperature.

Figure 2. Image of the 1% agarose gel run for gradient PCR reactions for primer pairs. Genomic
DNA was used with the primers in standard PCR procedure. The gradient was run from 54-64°C
with 8 samples per primer pair. The left lane was a 1 KB ladder. Wells 2-9 were an unsuccessful
control primer pair. Wells 10-17 are UBQ. Wells 18-25 are ABS. Both UBQ and ABS produced
a single product, indicating they showed specificity for their target genes.
RNA Extraction
RNA extractions were not equally successful. Yields ranged from 600 ng/μL to less than
5 ng/μL,the minimal value detected. Some samples were lost from tube damages. Undiluted
products were run on 1% agarose gels and visualized with ethidium bromide solution to visualize
products and integrity. Smearing is expected due to variation in size of mRNA. The two visible
ribosomal bands indicate that RNA degradation was not severe for these extractions (Figure 3).

Figure 3. Image of RNA extraction products on 1% agarose gel. Samples were randomly
assigned to lanes and a 1KB ladder is in the left lane. Smearing indicated varying sizes of RNA
fragments and perhaps some degradation. Brighter bands indicated a higher concentration of
RNA. Some lanes are not visible due to low concentrations of starting RNA.
Bud Set Timing
There was no significant difference in the number of days to reach stage 3 of bud set
across gene treatments classes (p=0.92). At stage 4 significant difference was seen between the
8

wild type control ramets and empty vector ramets (p=0.031) and between wild type and
transgenic ramets (p=0.009). There was no significant difference between transgenic and empty
vector controls (p=0.59).

Days to Stages of Bud Set
120
100

Days

80
60
40
20
0
Stage 3

Stage 4

Stage and Gene Treatment
Empty Vector

Transgenic

Wild Type

Figure 3. Days to stages 3 and 4 of bud set across gene treatments. Error bars show standard
deviation between samples within the same treatment and stage.

Secondary Branching
Overall there were no significant differences between any treatments when including all
ramets across stages of bud harvest. Lack of replication and high variability prevents statistical
analysis between treatments within each stage.
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Secondary Branch to Bud Ratios
0.6

Ratio

0.5
0.4
0.3

0.2
0.1
0
Stage 3

Stage 4

Stage 5

All

Harvest Stage and Gene Treatment
Empty Vector

Transgenic

Wild Type

Figure 4. Ratio of new secondary branches to number of buds prior to apical bud harvest. Plants
were given one month in the greenhouse to grow following apical harvest. Plants were grouped
by stage of bud set to control for developmental effects. Error bars show standard deviation of
ramets within the same stage and gene treatment. Stage 5 did not have empty vector controls.
Quantitative PCR and ABS Expression
All reactions were run in triplicate and average Ct was calculated. If a reaction failed, had
an outlier Ct value, or presented an unexpected melting curve it was removed from analysis and
remaining reactions were used. Relative amounts of ABS were calculated using Formula 1. ABS
expression peaked at stage 4 of bud set with less expression at stages 3 and 5 and minimal
expression during active growth.
Melting curve data indicated high specificity for the primers, as most reactions only
produced the desired product. ABS samples had peaks at 81.5-82°C, and all UBQ samples had
peaks at 83-83.5°C.
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ABS Expression Levels

0.01

ABS relative to UBQ

0.009
0.008
0.007
0.006
0.005
0.004
0.003
0.002

0.001
0

Stage 0

Stage 3

Line
ABS Stage 4

ABS Stage 5

Figure 5. Relative expression levels of ABS by line and stage. Values were calculated using
formula 1 to express ABS in relation to housekeeper UBQ. Absence of bars indicate no RNA
results were available for the line at that stage.

ABS

UBQ

Figure 6. Melting curve of qPCR products. ABS products clustered around 82°C and UBQ
clustered around 83°C. The single, uniform peaks for each product indicates specificity for a
single product.
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Association of Bud Set and ABS Expression
There was no significant correlation between ABS expression and stage 3 of bud set
(R2=0.00001, p=0.987) or stage 4 of bud set (R2=0.033, p=0.455). At stage 3 ABS showed a
slight positive relation to bud set (Figure 7), but at stage 4 it showed a negative relation to bud
set (Figure 7).

Stage 3 Bud Set/ABS Expression
63

Days to Stage 3

62
61
60
59

y = 2.7904x + 58.243
R² = 1E-05

58
57
56
55
0

0.002

0.004

0.006

0.008

0.01

Relative ABS

Figure 7. Relationship of ABS expression and stage 3 of bud set date. ABS levels were
calculated using Formula 1. Linear regression and R2 were calculated using Microsoft Excel.

Days to Stage 4

Stage 4 Bud Set/ABS Expression
108
106
104
102
100
98
96
94
92
90
88

y = -340.24x + 101.16
R² = 0.0332

0

0.002

0.004

0.006

0.008

0.01

Relative ABS

Figure 8. Relationship of ABS expression and stage 4 of bud set date. ABS levels were
calculated using Formula 1. Linear regression and R2 were calculated using Microsoft Excel.
Association of ABS Expression and Secondary Branching
There was not a significant relationship between secondary branching and ABS
expression levels (R2=0.094, p=0.106). The line of best fit indicates a negative relationship
between ABS expression and the ratio of buds that grew into secondary branches following
apical bud harvest.
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Secondary Branching Response to ABS
Secondary Branches/Bud

0.7
0.6
0.5
0.4
0.3

y = -27.156x + 0.2945
R² = 0.0938

0.2
0.1
0
0

0.002

0.004

0.006

0.008

0.01

ABS Expression

Figure 9. Relation of secondary branching and ABS expression. ABS levels were calculated
using Formula 1. Linear regression and R2 were calculated using Microsoft Excel
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Discussion:
The most evident result of this study is the determination that ABS is most highly
expressed during the middle stages of dormancy as the apical bud forms. There was a lack of
thorough expression data available prior to this experiment, so monitoring the change of
expression over the process of bud set provides some new scientific knowledge for the gene. The
highly similar gene RCI2A in Arabidopsis responds to low temperature and cation stress.13
Proteins in this family are generally small membrane proteins. It may be speculated that ABS
plays a role in bud set by acting to regulate a cation channel and affecting cell signaling, as
calcium is a very common signaling ion.16
Another significant difference observed in the experiment was between wild type plants
and cell cultured plants (Empty vector and transgenic) in regard to days required to reach stage 4
of bud set. Empty vector controls are used to control for somaclonal variation caused by tissue
culture and gene insertion. The practice is becoming more widely used as phenotypic changes
are common in plants that are grown from culture. Somaclonal variation can cause a wide variety
of morphological and genetic changes. Including empty vector controls allows for better
isolation of target gene effects, as patterns seen in empty vector and transgenic groups can be
attributed to differences outside the gene of interest. 17 In this experiment wild type plants had
more time to grow than the plants from culture. Differences in plant care may have affected the
dormancy and expression pattern of ramets.
The qPCR results provided little evidence that RNAi effectively silenced or suppressed
ABS in the transgenic lines. There are several possible explanations. The first is that the primer
was amplifying an unintended target instead of ABS. This would theoretically cause all lines to
be similar in expression as seen in the results. A second possibility is that the inserted gene
construct did not have an effective sequence for silencing ABS. The construct was designed
using the closely related P. trichcarpa, but was used in P. deltoides. It is possible a difference is
sequence caused a mismatch and prevented the targeting of the native gene for degradation. It is
also possible that the gene construct was not expressed due to errors in insertion or construction,
causing the plants to lack the transcript for RNAi of ABS.
The transgenic lines did not show any significant difference in ABS transcripts than the
empty vector or control lines. This lack of down regulation of ABS prevented a wide range of
ABS expression to determine if it had significant effects on bud set or secondary branching. A
lack of replication within lines also prevented thorough statistical analysis. However, some weak
data trends did exist. There was a negative relationship between ABS levels and time to reach
stage 4 of bud set. Although the relationship is very weak, it suggests ABS may play a role in
bud set timing. There was also a weak negative relation between secondary branching and ABS
levels. It may be theorized that ABS has some function on inhibiting the growth of secondary
branches.
To conclude, this work has provided some basic knowledge about potential functions of
the ABS gene in P. deltoid. RNA analysis showed ABS transcription increased during bud
formation, which supports the previous finding that variation in the gene is associated with bud
set in natural populations. However, the specific phenotypic effects of the gene are difficult to
determine due to limited variation resulting from failure of the RNAi construct to silence the
gene. Future studies should include greater replication to obtain more precise estimates of gene
expression and have more variance of ABS expression across lines. These studies will be guided
by evidence that stage 4 of bud set is the informative period for ABS function. These studies
should address the transgene construct failure by directly checking its expression and examining
14

sequence difference between P. deltoides and P. trichocarpa to determine why it failed to down
regulate ABS in this study. This work ultimately provides some insight in the poorly-understood
process of bud formation and winter dormancy in forest trees. These traits are important for
determining performance and fitness of temperate trees, so this work could have relevant
implications for forestry operations and understanding the adaption of trees to the environment.
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